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osting by EAbstract CulnS2 thin ﬁlms were electrodeposited onto indium tin oxide substrate by the electrode-
position technique. Cyclic voltammetry and chronoamperometry were carried out to determine the
optimum pH and the amount of sodium thiosulfate for electroplating CuInS2 compound. The com-
position, crystallinity and optical properties of the compounds synthesized were studied by energy
dispersive X-ray (EDX), (SEM), X-ray diffraction and UV–Visible spectra. It was found that the
increasing pH shifts the electrodepositions voltage toward more negative and lowers the deposition
current. Increasing the amount of sodium thiosulfate also decreases the deposition current but it has
no effect on the deposition potential. It was concluded that CuInS2 with atomic stoichiometric ratio
was prepared at pH equals 1 and 150 ml of 0.1 M sodium thiosulfate, 5 ml of 0.1 M indium chloride
and 5 ml of 0.1 M cupper acetate. The energy gaps were calculated to be 1.6, 1.7 and 1.75 eV for
CuInS2 prepared at 1, 1.5 and 2 of pH, respectively. It was indicated that the amount of the sodium
thiosulfate has a slight effect on the energy gap.
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lsevier1. Introduction
Chalcopyrite semiconductors have attracted widespread atten-
tion for use in thin-ﬁlm solar cells. Solar cell technologies using
I-III-VI2 chalcopyrite semiconductors have made rapid pro-
gress in recent years. Solar cells based on polycrystalline chal-
copyrite compounds have been signiﬁcantly improved over
recent years and the best conversion efﬁciency achieved has
been equal to 19.9% [1]. CuInS2 may be one of the most prom-
ising materials of ternary chalcopyrite semiconductors for pho-
tovoltaic applications due to the band gap energy of about
1.5 eV, which matches the solar spectrum for energy conver-
sion and a large absorption coefﬁcient. Furthermore, this
material does not contain toxic elements in comparison with
36 Sh. Ebrahim et al.CuInSe2 [2–4]. There are different methods for the preparation
of CuInS2 thin ﬁlms, such as sputtering, chemical spray pyro-
lysis, chemical bath deposition and electrodeposition [5–8].
The advantages of electrodeposition are low equipment cost,
high deposition speed, negligible waste of chemicals, scalability
and manufacturability of large area polycrystalline ﬁlms. It is
an isothermal process, mainly controlled by electrical parame-
ters, which can be adjusted to control ﬁlm thickness, morphol-
ogy and composition.
In addition, toxic gaseous precursors are not involved as in
chemical gas phase methods [3,9–14]. Berenguier et al. fabri-
cated photoelectrochemical solar cells consisting of CuInS2
in V(II)/(III) redox electrolytes and its yield efﬁciency equals
to 2.4% for KCN etched samples and of 3.3% for the a mixed
photoelectrochemical and electrochemical anodic conditioning
treatment [11]. The highest conversion efﬁciencies achieved by
one-step electrodeposited CuInSe2 absorber ﬁlms without sub-
sequent annealing under Se-containing atmospheres are those
of Qiu and Shih [164,169]. Their ﬁlms were deposited from a
single solution that contained ’’ions and complexes of Cu,
In, and Se’’. The ﬁlms were post-deposition annealed and re-
sulted in conversion efﬁciencies of 7% [15,16].
There aremany factors of the preparation conditions, such as
type of substrate, electrodeposited voltage, temperature, pHand
concentration of different salts that affect optical, adhesion,
crystalline, morphological and electrical properties of CuInS2.
We think that there are few articles on electrodeposited CuInS2
dealingwith problems that arise fromadhesion and contact. The
aim of this work is to prepare CuInS2 compounds electrochem-
ically onto indium tin oxide (ITO) using one step method under
different conditions such as pH and concentration of sulfur. The
optical, crystalline and structural properties of the prepared
CuInS compounds will be investigated.2. Experimental work
2.1. Preparation of CuInS2
InCl3Æ4H2Owaspurchased fromAldrich.Copper acetate and so-
dium thiosulfate were obtained from Loba Chemie, India. ITOFigure 1 Cyclic voltammetry of solution containing 5 ml of 0.1 M
thiosulphate at different pH with scan rate 25 mV/s.with a sheet resistance equal to 20 X was obtained from the Na-
tional Renewable Energy Laboratory. CuInS2 layers were pre-
pared electrochemically from one step using a plating bath of
0.1 M copper acetate, 0.1 M indium chloride and 0.1 M sodium
thiosulfate. The pH of the solutions was adjusted with H2SO4
solution and using digital Solaron pH meter. A standard three-
electrode cell was used; theworking electrodewas ITO substrate,
as counter-electrode Pt was used, and a saturated calomel elec-
trode (SCE) was used as reference electrode. The electrodeposit-
ion was controlled using Gamry G750 potentiostat/galvanostat
with pilot integration controlled by PHE200 software. Cyclic
voltammetry and chronamperometrywere carried out under dif-
ferent conditions, such as pH, voltage, temperature and the
amount of sodium thiosulfate. The electrodeposition thin ﬁlms
were annealed in a quartz tube placed in a controllable tube fur-
nace for 1 h in N2 as an ambient at 400 C.
2.2. Thin ﬁlm characterization
Transmission spectrum of the electrodeposited thin ﬁlms onto
ITO was obtained using Evolution 200 spectrophotometer in
the range of 200–900 nm. X-ray diffraction (XRD) scans were
carried out using Schimadzu-7000 diffractometer at room tem-
perature in theBraggangle (2h) (10–80o).TheXRDcharacteriza-
tion was done using a Cu Ka radiation (k= 1.54 A˚). Atomic
composition and scanning electron microscope (SEM) micro-
graphsof the preparedﬁlms, coatedwitha thin layerof gold,were
obtained by JEOL JSM 6360LA with an acceleration voltage of
20 kV. Current–voltage characteristic curves of CuInS2 were
measured using a Gamry G750 potentiostat/galvanostat con-
trolled by linear sweep voltammetry in PHE200 software.3. Results and discussion
3.1. Cyclic voltammetry and chronoamperometry studies
3.1.1. Effect of pH
Cyclic voltammetry (CV) is one of the most widely used elec-
troanalytical methods for semiquantitative studies in redox
systems. It is based on varying the potential applied to thecopper acetate, 5 ml of 0.1 M InCl3 and 150 ml of 0.1 M sodium
Figure 2 Chronoamperometry formation of Cu-In-S compounds from solution containing 5 ml of 0.1 M copper acetate, 5 ml 0.1 of M
InCl3 and 150 of ml 0.1 M sodium thiosulphate at 1.0 V at different pH.
Figure 3 CVs of solution containing 5 ml of 0.1 M copper acetate, 5 ml of 0.1 M InCl3 and different amounts of sodium thiosulphate at
pH equal to 1 with scan rate 25 mV/s.
Figure 4 Chronoamperometry formation of Cu-In-S compounds from solution containing 5 ml of 0.1 M copper acetate, 5 ml 0.1 of M
InCl3 and different amounts of sodium thiosulphate at pH equal to 1.
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38 Sh. Ebrahim et al.working electrode of an electrochemical cell at a constant rate,
and monitoring the current caused by the electrochemical reac-
tions taking place during the scan. Fig. 1 shows the cyclic vol-
tammetry of solution containing 5 ml of 0.1 M copper acetate,
5 ml of 0.1 M indium chloride and 150 ml of sodium thiosul-
fate at different pH with a scan rate of 25 mV/s. In cathodic
one-step electrodeposition of compound semiconductor thin
ﬁlms, the simultaneous reduction of all the constituent ions
at the same potential in suitable proportions is necessary in or-
der to achieve the desired ﬁlm composition.
The electrodeposition of CuInS2 thin ﬁlms may be attrib-
uted to the following reaction [12]:
xCuþ yInþ zS! CuxInySz ð1ÞFigure 5 XRD of CuInS compounds electrodeposited at 1.0 V from
indium chloride and 150 ml of sodium thiosulphate at different pH.Acidic solutions are used because the reduction of thiosul-
fate ions is facilitated in acidic solutions according to Eq. (2).
Acidity of solution or pH was adjusted to the required value by
adding sulfuric acid [12].
In the case of a solution containing thiosulfate ions, it was
known that it is changed in acidic media to form S according
to the following reaction:
S2O

3 þHþ ! SþHSO3 ð2Þ
where S is colloidal sulfur. Colloidal sulfur is consumed to form
sulﬁde through the electrodeposition. When sulfuric acid is
added to control pHof the solution, pH is deceasedwith the pro-
gress of the above reaction. It is observed from several experi-
ments that pH has a great affect on the adhesion andsolution containing 5 ml of 0.1 M copper acetate, 5 ml of 0.1 M
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noted that the increasing pH shifts the electrodepositions volt-Table 1 Atomic composition obtained for the electrodepos-
ited ﬁlms at 1.0 V at different pH from a solution containing
5 ml 0.1 M of copper acetate, 5 ml 0.1 of M InCl3 and 150 ml of
0.1 M sodium thiosulfate.
pH % of elements
Cu In S
1 24.5 23.5 51.56
1.5 28 32 40
2 31 29 30
Figure 6 XRD of CuInS compounds electrodeposited at 1.0 V from
indium chloride and different amounts of a sodium thiosulphate at aage to more negative. The formed ﬁlms were very thin and
non-adherent to the substrate. In addition, decreasing pH depo-
sition increases current. On the other hand, pH lower than 1
leads to higher amount of the precipitated S element in the solu-
tion and makes the formation of thin ﬁlms to be very difﬁcult.
Fig. 2 indicates the chronoamperometry curves at 1.0 V of a
solution containing 5 ml of 0.1 M copper acetate, 5 ml of
0.1 M indium chloride and 150 ml of sodium thiosulfate at dif-
ferent pH with a scan rate of 25 mV/s. This conﬁrms that the
decreasing pH leads to the increasing electrodeposition cathodic
current.At pHequal to 2 and1.5, the chronoamperograms show
a sharp initial current maximum, which relates to the charge of
the electrical double layer or capacitive contribution at the ﬁlm/
solution interface. After this maximum current, the current pla-
teau regions occur and slightly increase with time. On the othera solution containing 5 ml of 0.1 M copper acetate, 5 ml of 0.1 M
pH equals to 1.
40 Sh. Ebrahim et al.hand, at a pH equal to 1, chronoamperometric curve at1.0 V is
characterized by the disappearance ofmaximum region, because
the high potential may breakdown the electrical double layer in
the high acidic medium.
3.1.2. Effect of amount of sodium thiosulfate
Fig. 3 indicates the CVs of solution containing 5 ml of 0.1 M
copper acetate and 5 ml of 0.1 M InCl3 and different amounts
of sodium thiosulfate at pH equal to 1 with a scan rate of
25 mV/s. Increasing the amount of sodium thiosulfate de-
creases the corresponding deposition current and has no effect0
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Figure 7 UV-visible of CuInS2 ﬁlms electrodeposited at 1.0 V from
InCl3 and 150 ml of 0.1M Na2S2O3 at different pH Inset: Band gap e
Table 2 Atomic composition obtained for the electrodepos-
ited ﬁlms at 1.0 V at different amounts of sodium thiosulfate
from a solution containing 5 ml 0.1 M of copper acetate and
5 ml 0.1 of M InCl3 at a pH equals 1.
Amount of sodium thiosulfate (ml) % of elements
Cu In S
100 20 40 40
150 24.5 23.5 51.56
200 38.86 10.48 50.66on the deposition potential. This also is conﬁrmed by potentio-
static curves as shown in Fig. 4.
3.2. XRD and EDX studies
The ﬁlms obtained onto ITO/glass substrates show good uni-
formity and adherence, yellow to brown color that converts
to dark brown after heat treatments at 400 C in nitrogen
atmosphere. Fig. 5 shows XRD of ﬁlms grown on ITO at
1.0 V from solution containing 5 ml of 0.1 M copper acetate,
5 ml of 0.1 M indium chloride and 150 ml of sodium thiosul-
fate at different pH. These ﬁlms were annealed at 400 C in
nitrogen atmosphere for one hour. According to the standard
JCPDS cards, one set corresponds to the tetragonal structure
of CuInS2 and the other corresponds to the ITO glass sub-
strate. A series of characteristic peaks, such as (1 1 2), (2 2 0)
and (3 1 2) correspond to the chalcopyrite phase of the CuInS2.
This indicates the formation of a tetragonal cell of CuInS2
compound [17]. These peaks are well deﬁned and more intense
at pH equal to 1. The signals due to ITO substrate appear
overlapped with that of CuInS2 phase. The XRD signals inten-
sity from the CuInS2 compound phases increase with the
decreasing pH and at pH equal to 1 the ﬁlms are strongly ori-
ented along the (1 1 2) plane. The planes (1 1 2), (2 2 0), (2 0 4)650 700 750 800 850 900 950
ths (nm)
2 2.2 2.4
V)
solution containing 5ml of 0.1 M copper acetate, 5 ml of 0.1 M
stimation.
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Braggs angels 28, 46.45, and 55.1, respectively. Also a phase
of In2CuO4 (tetragonal spinel) is observed at Barggs angles
equal to 32 [13]. It is concluded that the electrodeposition pro-
cess proposed gives rise to the formation of the compound,
without requiring the second H2S annealing step.
Table 1 shows the results of EDX of the electrodeposited
ﬁlms at 1.0 V at different pH from solution containing 5 ml
of 0.1 M copper acetate, 5 ml of 0.1 M InCl3 and 150 ml of
0.1 M sodium thiosulfate. It is observed that the increasing
pH leads to a decrease in the amount of sulfur in the CuInS
compound and to deviate from the stoichiometric ratio. It is
noted that the sample prepared at pH equal to 1 has the atomic
composition near the conventional composition or stoichiom-
etric compound. According to these results, the stoichiometry
obtained from the electrodeposited ﬁlms could be related to
CuInS2 species.
The effect of the amount of sodium thiosulfate on XRD of
CuInS ﬁlms electrodeposited at a pH equal to 1 and from a
solution containing 5 ml of 0.1 M copper acetate and 5 ml of
0.1 M InCl3 is shown in Fig. 6. It is shown that the change
of the amount of sodium thiosulfate has no signiﬁcance on
crystallinity of the ﬁlms. The effect of the amount of sodium
thiosulfate on the composition of CuInS ﬁlms electrodeposited
at pH equal to 1 and from the solution containing 5 ml of
0.1 M copper acetate and 5 ml of 0.1 M InCl3 at 1.0 V is
shown in Table 2. It is found that the CuInS2 prepared with0
5
10
15
20
25
30
35
40
45
50
300 400 500 600
Wavelen
Tr
a
n
sm
itt
an
ce
 (%
)
50 ml  sodium thiosulphate
100 ml  sodium thiosulphate
150 ml  sodium thiosulphate
0.00E+00
1.00E+09
2.00E+09
1.2 1.6
hν (eV
( α
h
ν
)2   /
cm
-
2  
e
V
Figure 8 UV-visible 0f CuInS2 ﬁlms electrodeposited at 1.0 V from
InCl3 and different amounts of Na2S2O3 at pH equal to 1. Inset: Ban150 ml of 0.1 M sodium thiosulfate has the atomic composi-
tion of stoichiometric compound as shown in Fig. 7.3.3. Optical transmittance
Annealed ﬁlms electrodeposited at 1 V onto ITO glass sub-
strate were used to determine the band gap energy at room
temperature. The transmission spectra of the ﬁlms at different
pH from the solution containing 5 ml of 0.1 M copper acetate,
5 ml of 0.1 M indium chloride and 150 ml of sodium thiosul-
fate were recorded in the interval of 300–900 nm as shown in
Fig. 7. It is noted that the transmittance level was lowering
in the visible range and increased in the infrared region. This
is maybe due to the presence of other phases with CuInS2 as
was shown in XRD patterns. In addition, the transmittance le-
vel decreases with the decrease of pH. Transmittance (T) was
normalized with respect to ﬁlm thickness (d) by the following
equation [14,18]:
a ¼ ðlnTÞ=d ð3Þ
where a is the absorption coefﬁcient. The absorption coefﬁ-
cient for direct gap material is given by [18]:
ahm ¼ Bðhm EgÞ1=2 ð4Þ
where hm is the photon energy, h is the Planck constant, Eg is
the optical band gap and B is the constant, which is different700 800 900 1000
gths (nm)
2
)
solution containing 5 ml of 0.1 M copper acetate , 5 ml of 0.1 M
d gap estimation.
42 Sh. Ebrahim et al.for different transitions. Inset of Fig. 7 shows ahm as a function
of hm for these ﬁlms. A linear region is observed from values of
hm higher than about 1.5 eV. The energy gaps were determined
by extrapolation to the photon energy axis and the value of en-
ergy gaps were found to be 1.6, 1.7 and 1.75 eV for CuInS2 pre-
pared at pH 1, 1.5 and 2, respectively. These values of energy
gap are higher than that were known in the publications. This
result conﬁrmed the presence of other phases with the main
CuInS2 phase. The effect of the amount of sodium thiosulfate
on transmittance and the optical energy gap of the electrode-
posited ﬁlms at pH equal to 1 is shown in Fig. 8. It is indicated
that the increasing of the amount of sodium thiosulfate has a
slight effect on the optical energy gap of the electrodeposited
ﬁlms.
4. Conclusion
Cyclic voltammetry and chronoamperometry techniques were
used to determine the optimum pH and the amount of sodium
thiosulfate for electroplating CuInS2 compounds. It was found
that the increasing of the pH shifts the electrodeposition volt-
age to more negative and to lower the deposition current. The
increasing of the amount of sodium thiosulfate also decreases
the deposition current but it has no effect on the deposition po-
tential. It was concluded that CuInS2 with atomic stoichiome-
tric ratio is prepared at pH equals to 1 and 150 ml of 0.1 M
sodium thiosulfate, 5 ml of 0.1 M indium chloride and 5 ml
of 0.1 M cupper acetate. The energy gaps were found to be
1.6, 1.7 and 1.75 eV for CuInS2 prepared at 1, 1.5 and 2 of
pH, respectively. The increasing of the amount of sodium thio-
sulfate has a slight effect on the optical energy gap of the elec-
trodeposited ﬁlms.Acknowledgment
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